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Abstract 
T91 ferritic-martensitic steel is one of the candidate materials to future fast reactors where lead-bismuth eutectic (LBE) is chosen 
as the coolant. The interaction of the steel with LBE coolant should be investigated by means of mechanical tests and detailed 
microstructural analysis. Quantitative analysis requires fracture toughness tests in LBE. However tests in LBE are not easily 
applied with conventional methods due to the conductive nature of LBE. In addition, there are no standards or guidelines for 
fracture toughness tests in LBE. In this work fracture toughness tests in inert environment and LBE are compared and technical 
problems encountered during tests in LBE are discussed. 
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1. Introduction 
Heavy liquid metals including lead-bismuth eutectic (LBE) are considered as a coolant for GenIV fast reactors 
(Abderrahim et al. 2001). Ferritic-martensitic T91 steel is one of the candidate materials for structural and functional 
components of these reactors. Therefore it becomes necessary to investigate how LBE affects the mechanical 
properties of  T91.  
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Tensile tests of T91 in LBE show under certain conditions a reduction in total elongation in comparison with 
tests in inert environment (Dai et al. 2006). These preliminary results suggest the ductility of the material is affected 
by the LBE environment which might result in brittle failure. This effect might also affect the fracture toughness of 
the material in contact with LBE and it should be verified in the corresponding tests. 
To do so firstly reference tests in air were done. Then tests in LBE were conducted to observe whether fracture 
toughness of the steel was reduced in LBE environment. Reference tests were done on a standard mechanical testing 
system by conventional methods, namely unloading compliance and potential drop, and normalization data 
reduction. Therefore fracture toughness values could be obtained by 3 methods during reference tests. However, 
tests in LBE are more challenging.  
As mentioned, a fracture toughness test (FTT) is usually done by unloading compliance (UC) or potential drop 
(PD) method, or both at the same time. Both methods require the use of a clip gage extensometer. Unfortunately 
these conventional methods are not always readily available for tests in LBE. Common clip gage extensometers are 
difficult to be used because LBE is conductive and chemically attacks the clip gage. For this reason, UC and PD 
methods are not easily applied to FTT in LBE. This forced us to use normalization data reduction (NDR) method to 
analyse the test results obtained by monotonical load. Load-displacement  data, initial and final crack lengths are 
necessary to analyse the result with NDR method.  
In the mentioned method the specimen was loaded until the load dropped to 80% of the maximum load, and then 
the test was stopped. In order to properly identify the crack length the sample was heat treated for 1 hour at 300 °C 
in air which lead to the formation of an colored oxide layer on the fresh fracture surface.The specimen was then 
broken in half in liquid nitrogen and initial and final crack lengths were optically measured. Starting from load-load 
line displacement data and initial and final crack lengths, the crack opening displacement was calculated and a J-R 
curve was obtained. Many studies have proven that NDR method produces comparable results with UC method 
(Van den Bosch et al. 2009,  Chaouadi  2004). 
Additionally, LBE does not only affect the steel specimen or the clip gage extensometer, but also the parts of the 
set-up that work under stresses in LBE. 
Since no direct crack mouth opening displacement measurement is available, it is necessary to ensure what is 
recorded as the load line displacement has no influence from bending  pins or grips. For that, pins should have high 
strength and high resistance to cracking. Additionally, the geometry of the pins and holes should ensure that the 
bending stresses on pins are negligible.  
 Previous studies have shown that dissolved oxygen concentration in LBE has significant effect on appearances 
of ductility reduction. This was probably because formation of oxide layers is hindered in low oxygen environment, 
and therefore direct contact between LBE and steel was provided. In order to stimulate appearance of the effect in 
our experiments the oxygen concentration is kept at low values (10-9 - 10-11 wt%). We also learned from  tensile tests 
of T91 steel that pre-exposure also enhances the effect of the liquid metal on the material properties.  
The procedure of fracture toughness tests in LBE environment should be developed to take into account all the 
technical difficulties and to provide means for investigation of the effect of environment on fracture properties. 
In this work reference tests in air and tests in LBE were carried out and technical problems experienced in these 
tests are reported. 
2. Experimental 
The composition of ferritic-martensitic steel (T91) is given in Table 1. The heat treatment of T91 steel usually 
takes places in two steps; normalization and tempering. The steel is heated to austenite phase (1049 °C) and then 
cooled rapidly to room temperature to form martensite. The holding time is usually 1 minute per milimeter. To 
temper, the material is reheated to 770 °C for a 25-mm-thick section.  
To meet the plane-strain condition of the material the ½ inch CT geometry (W=25 mm, B=12.5 mm) was chosen 
for the fracture toughness tests discussed in this paper. (Figure 1). 
All specimens were extracted from a 25 mm thick plate in T-L orientation. After fabrication the samples were 
pre-cracked on a hydraulic tensile test machine from Instron. The initial stress intensity factor for the pre-cracking 
was ͳ͹ܯܲܽξ݉ and the final was ͳͷܯܲܽξ݉. As recommended by ASTM 1820, the specimens were side-grooved 
after the pre-cracking. For tests in LBE the samples were pre-exposed at 450 °C for 20 hours prior test to enhance 
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the effect of LBE on the material properties. 
Table 1. Composition of the T91 ferritic-martensitic steel (wt%) 
C N Al Si P S Ti V Cr 
0.10 0.11 0.015 0.22 0.021 0.0004 0.003 0.21 8.99 
Mn Ni Cu As Nb Mo Sn W  
0.38 0.11 0.06 0.008 0.06 0.89 0.004 0.01  
 
 
Figure 1. Schematic representation of half inch compacts tension (CT) specimen (dimensions in mm) 
 
Reference tests were conducted on a standard tensile test machine Instron 1341 in air at 250 °C with a 
displacement rate of 0.2 mm/min. Displacement was measured with a clip gauge attached to the samples. Unloading 
compliance, potential drop and normalization data reduction methods were used for analysis. 
All test in LBE environment were conducted in the Liquid-Metal Test Set up (LIMETS-4) at SCK-CEN. This test 
setup was especially designed with the purpose of testing tensile and fracture toughness specimens in lead-bismuth 
eutectic under controlled oxygen and temperature conditions. In this setup LBE is stored and conditioned in a 
separate dumptank at 300 °C. Oxygen monitoring is done with 2 oxygen sensors. For the pre-exposure treatment and 
the actual test  LBE is transferred to the test autoclave. In the autoclave the oxygen concentration is also monitored 
by 2 sensors. In order to ensure low oxygen conditions Ar-5%H2 gas mixture is continuously bubbled through the 
LBE.  
Tests in LBE were done at 350 °C with a speed of 0.2 mm/min. The normalization data reduction method was 
used to analyse results.  
3. Results 
3.1 Reference tests 
 
17 specimens were tested in air in Instron machine by using a clip gage extensometer. The average fracture 
toughness value obtained by the NDR method is ͶʹͶ േ ʹ͸݇ܬȀ݉ଶ. Table 2 shows the results of UC and NDR 
obtained from the same specimens. Additionally 6 tests were done in LIMETS-4 set-up in Ar-5%H2 environment at 
250 °C. These tests were analyzed by NDR method. Average fracture toughness of specimens obtained in LIMETS-
4 by NDR is also given in Table 2 (ͶʹͶ േ ͳͷ݇ܬȀ݉ଶሻ, and it can be seen that the fracture toughness values 
measured with NDR are similar in both set-ups. Although the average fracture toughness value obtained by UC is 
lower than the average fracture toughness obtained by NDR in Instron, the difference can be considered within the 
range of scatter. 
 
Table 2. Average J1C values of the specimens tested in air in Instron and in Ar-5%H2 in LIMETS-4 
 Average J1C  by UC Average J1C  by NDR 
Instron 371±45 424±26 
LIMETS-4 - 424.4±15 
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The fracture surfaces of reference specimens show common structures with dimples, which is a typical 
morphology of ductile fracture (Figure 2a). In addition, some specimens have featureless cavities in the crack 
propagation region (Figure 2b). Formation of these voids can be associated with tearing mechanism and they seem 
to have an effect on the shape of the crack propagation front. Figure 2c shows an asymmetrical crack propagation 
where the crack seems to propagate longer at site of a large void. 
 
                                        
 
                                                                      
 
Figure 2. Fracture surfaces of T91 specimens tested in air at 250 °C  (a) a typical ductile crack growth with dimples, (b) a void in crack 
propagation front, (c) a large void that shapes the crack propagation front, (d) surface of  the void 
 
3.2 Tests in LBE 
 
Although pre-exposure of specimens at 450 °C in low oxygen LBE prior to the test seem to enhance the effect of 
the liquid-metal on the steel, not only the steel specimen but also the steel parts of the set-up that work in LBE are 
affected by this treatment. Due to the continuous failure of pins used to fix specimens in the grips, several tests were 
done in LBE without any pre-exposure.  
Figure 3 shows a specimen tested in LBE with no pre-exposure prior test. The first pictures were made without 
cleaning LBE form the fracture surface. One can see the fatigue pre-crack, the main crack and side cracks initiated 
at the side groves. It is clearly seen that the crack initiated from the side groove is covered by LBE, however there is 
no evidence of presence of LBE at the main crack (Figure 3b). The fracture surface of the main crack demonstrate 
dimple type fracture which is similar to the fracture surfaces obtained in inert environment (Figure 3e) while the 
surface of the cracks initiated from the side-grooves (Figure 3d) is quasi-cleavage.  
Since pre-exposure to high temperature low oxygen LBE lead to pin rupture the following procedure was 
developed. Some specimens were pre-exposed to LBE, then LBE was dumped from the test autoclave, the specimen 
was extracted and the pins were replaced, then the same specimen was tested in LBE with new pins. During pre-
exposure the specimen was kept at a load level above the max load during pre-cracking, but still within the elastic 
range. This was done to check if pre-exposure can help to destroy the natural thin oxide film formed on the fractured 
surface of the fatigue pre-crack and to improve wetting of metal surface to get LBE at the crack tip. LBE droplets at 
the border between crack and pre-crack region were observed after such a test. However, there is again no clear 
evidence of the LBE at the crack tip. This is also supported by the fact that the crack surface has a ductile structure 
(Figure 4). 
 
 
 
 
a b
c d 
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Figure 3. Fracture surfaces of T91 specimens tested in LBE at 350 °C (a) crack initiated from  side-groove  region (1), brittle fracture obtained 
during cracking specimen in liquid-nitrogen (2) and ductile crack propagation  (3), (b) BSE image of intersection of 1, 2 and 3, (c) comparison of 
quasi-cleavage structure (1) and cleavage structure (2), (d) quasi-cleavage fracture surface in region 1, e) dimples in  region 3 
 
 
                                            
 
                                            
 
 Figure 4. Fracture surfaces of T91 specimens tested in LBE at 350 °C (a) Droplets of LBE at the crack initiation site, (b) BSE image of crack 
initiated from  side-groove region covered by LBE, (c) SE image of ( b), (d) cleavage-like fracture surface of ( b) 
 
3 tests were done in LBE, 2 without pre-exposure and 1 with the pre-exposure procedure explained above. In 
either case, some degree of reduction in fracture toughness of the steel was observed for tests in LBE. The average 
J1C values obtained in tests in LBE is ͵Ͳ͵ േ ʹ݇ܬȀ݉ଶ. 
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4. Discussion 
The results of the tests performed in this work point out an important factor. Pre-cracking might play a very 
important role for tests in LBE. The fracture surface of cracks initiated at side-grooved regions in each test are 
clearly covered by LBE and the fracture surface is quasi-cleavage type. This might indicate that the material at the 
crack tip was in contact with LBE during propagation of this crack. In contrary LBE did not penetrate in the main 
crack started from the fatigue pre-crack probably due to little wetting of the natural oxide films formed in air on the 
pre-cracked surface. Since LBE was not in contact with the material at the crack tip, crack tip propagates in a similar 
way as in tests in inert environment. Probably pre-cracking specimens in LBE might help to provide LBE to the 
main crack to measure the effect. Pre-cracking in LBE should help since the freshly opened surface of the crack tip 
would immediately be covered by LBE, without letting any oxide layers being formed at the crack tip since the 
oxygen concentration in LBE would be as low as 10-9 -10-11 wt.%. 
However, once pre-cracking in LBE to assess the crack propagation one should be able to distinct between the 
pre-cracking and the crack formed during the test.   
In our testing we faced the problem that parts of the set-up might also break during the test. The suitable material 
for the components of the testing set-up with high strength that are not susceptible to brittle cracking in LBE is still 
to be found.  
At SCK-CEN an important issue was to find pins that could withstand high stresses in LBE. Since no clip-gage 
extensometers compartible with LBE are available yet, it is very important that the pins do not bend, so that the 
recorded load line displacement corresponds to the displacement of the specimen. So far, high speed steel and 
Marval X-12 pins failed during tests in LBE with or without pre-exposure. This forced us conduct tests without pre-
exposure with higher strength pin materials. Even though PH13-8Mo pins were broken during tests with pre-
exposure, they withstood tests without pre-exposure.  
So far there are no standards or guidelines for fracture toughness tests in LBE.  Some procedures recommended 
by ASTM standard should be reevaluated for test in LBE environment. For instance side-grooves are highly 
recommended by ASTM standard to obtain a uniform crack propagation front. However during tests in LBE, the 
side cracks are initiated at the side-grooves and result in a non-uniform crack propagation.  
5. Conclusion 
Reference tests in air were done at 250 °C with conventional methods. Tests in LBE were done at 350 °C with 
and without pre-exposure, with specimens that were pre-cracked in air. Tests in LBE show about 28% reduction in 
J1C values comparing to the tests in inert environment. More tests are needed for a comprehensive comparison and 
for a better understanding of the effect of LBE on the mechanical properties of the material. Technical issues and 
problems encountered due to pre-cracking in air are subject to further investigation. 
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